Introduction {#s1}
============

mRNA decay pathways have evolved to both maintain mRNA quality control and to regulate gene expression. For example, the nonsense-mediated mRNA decay (NMD) pathway was initially described for its role in targeting the destruction of messages harboring premature termination codons (PTCs; \[[@bib57]; [@bib66]\]). The introduction of a PTC can result from genetic mutations or errors in gene expression, ultimately generating a message encoding a potentially deleterious truncated protein. As such, the NMD pathway protects the integrity of the proteome by detecting and destroying PTC-containing messages. In addition to this well-characterized role in quality control surveillance, NMD regulates the expression of \~5--10% of the mammalian transcriptome, highlighting its importance in determining levels of non-aberrant mRNAs ([@bib61]; [@bib71]; [@bib82]; [@bib89]). These apparently normal mRNAs often contain NMD-triggering features such as upstream open-reading frames (uORFs) in the 5'-UTR, the presence of a long 3'-UTR, or a 3'-UTR that harbors an intron ([@bib46]; [@bib70]).

NMD is conducted by a conserved set of factors primarily identified via genetic screens in model organisms. The UPF1, 2, and 3 proteins ([up-f]{.ul}rameshift), discovered in budding yeast, are required for NMD throughout eukaryotes, while the SMG ([s]{.ul}uppressor with [m]{.ul}orphogenetic effects on [g]{.ul}enitalia) proteins were originally identified in *C.elegans* and provide additional enzymatic and regulatory activities required for NMD in metazoans ([@bib53]; [@bib69]); for a recent comprehensive review, see [@bib46]. UPF1, the central hub of the NMD pathway, is an ATP-dependent RNA helicase that acts at multiple steps in target discrimination and decay. UPF1's ATPase activity and phosphorylation is enhanced by UPF2 binding, promoting decay ([@bib14]; [@bib15]; [@bib47]). UPF1 phosphorylation by the PI3K-related kinase SMG1 in the context of translation termination promotes the recruitment of the NMD-specific endonuclease SMG6, as well as the recruitment of the CCR4-NOT deadenylase complex via the SMG5-SMG7 heterodimer ([@bib19]; [@bib24]; [@bib38]; [@bib47]; [@bib56]). UPF1-dependent RNA degradation can thus proceed through a combination of exo- and endonucleolytic pathways.

A second major elaboration of the NMD pathway in vertebrates is the use of the exon junction complex (EJC) to identify potential targets of NMD. The EJC is a tetrameric complex comprising the RNA helicase eIF4AIII, the MAGOH-Y14 heterodimer, and CASC3 (also known as MLN51 and Barentz) and is deposited 20--24 nt upstream of exon-exon junctions during splicing ([@bib51]). The stable core participates in multiple stages of mRNA function by engaging in dynamic interactions with 'peripheral' EJC factors ([@bib52]; [@bib76]), including UPF3B, which binds EJCs consisting of at least eIF4AIII and MAGOH-Y14 through a conserved motif in its C-terminus ([@bib11]; [@bib29]). Once bound in the nucleus, the EJC is believed to escort UPF3B into the cytoplasm, where the complex marks most splice sites prior to translation ([@bib33]; [@bib73]; [@bib76]). During translation, scanning and elongating ribosomes displace EJCs in the 5'-leader and coding sequence, respectively ([@bib28]), leaving only EJC-UPF3B complexes \> 50 nts downstream of the termination codon bound to the mRNA. UPF3B thus provides a link between nuclear mRNA biogenesis and the cytoplasmic NMD machinery, as the N-terminal region of UPF3B binds UPF2, which in turn promotes UPF1 activity and phosphorylation ([@bib15]; [@bib47]). Such mRNAs harboring an EJC sufficiently downstream of a stop codon are subject to 'EJC-enhanced' NMD, the branch of the NMD pathway responsible for the most prominent UPF1-dependent decay activities observed in mammalian cells ([@bib13]; [@bib17]; [@bib62]; [@bib77]; [@bib88]; [@bib95]).

Notably, the primary genetic screens responsible for NMD factor identification were conducted in organisms that do not use the EJC to demarcate targets of decay. Further indicating a potential need for an expanded machinery, the human NMD pathway surveils a transcriptome more complex than that found in yeast and worms and has adopted regulatory roles in development and stress responses ([@bib21]; [@bib30]; [@bib45]; [@bib60]; [@bib90]). To search for potential novel human NMD proteins, including those involved in 'EJC-enhanced' decay, we used a luciferase reporter to develop a gain-of-signal assay designed based on a well-characterized mRNA β-globin nonsense allele and performed a whole genome RNAi screen ([@bib57]; [@bib84]). By depleting \>21,000 genes with three siRNAs/gene, we recovered core NMD and EJC factors as top hits, as well as a large cohort of potential NMD factors. From the latter, we used biochemical, genetic, and genomic approaches to validate ICE1 ([i]{.ul}nteractor of little elongation [c]{.ul}omplex [E]{.ul}LL subunit 1, also known as KIAA0947) as a novel peripheral EJC factor essential for EJC-enhanced NMD. We show that ICE1 depletion leads to enhanced expression of many NMD targets, including those containing PTCs. Further, our data suggest that ICE1 uses a putative MIF4G domain to interact with mature EJCs and is required for proper association of UPF3B with the EJC core proteins. Importantly, overexpressing UPF3B to restore EJC-UPF3B assembly rescues the effects of ICE1 depletion on NMD, consistent with a model in which ICE1 serves an unanticipated role in linking nuclear EJC assembly to cytoplasmic detection of NMD substrates.

Results {#s2}
=======

RNAi screens suffer from high rates of false positives arising from sequence-based off-target effects and false negatives due to incomplete protein depletion. Beyond these issues, multiple sources of experimental variance can complicate the identification of true positives. To limit confounding factors inherent to siRNA screens, we designed a bioluminescent gain-of-signal output to identify NMD-associated genes. We chose a luminescence-based reporter system over other assay formats such as fluorescence because luminescence-based assays have superior sensitivity with little or no non-basal background, a significant concern for high-throughput screening ([@bib20]). In addition, similar assays using *Renilla* luciferase have proven to be sensitive and reliable for mechanistic studies of NMD ([@bib9]; [@bib35]; [@bib42]; [@bib91]). Importantly, our assay strategy results in an increase in bioluminescence with NMD inhibition, thus removing from consideration silenced genes affecting cell viability or gene expression ([@bib32]; [@bib44]).

To develop the assay used for high-throughput RNAi screening, we constructed a pair of CMV promoter-driven reporters, a control construct encoding 3XFLAG-tagged firefly luciferase fused in-frame with the wild-type β-globin ORF and an NMD-sensitive construct in which a premature termination codon was introduced at β-globin position 39 ([Figure 1A](#fig1){ref-type="fig"}). Silencing of critical NMD components by siRNA was expected to inhibit decay of the PTC-containing mRNA, boosting luciferase expression. To confirm that this construct is indeed controlled by the NMD machinery, we co-transfected the plasmids with three UPF1 siRNAs into HEK-293 cells. After a 72 hr incubation, luciferase substrate was added and the luminescence signal was detected. As expected, UPF1 depletion caused a 2- to 3.5-fold increase in luciferase activity from the NMD reporter, relative to the non-silencing siRNA control ([Figure 1B](#fig1){ref-type="fig"}). This NMD construct expressed a significant basal level of luciferase activity, potentially allowing identification of factors that inhibit the NMD pathway as well as those required for its proper function. Clonal HEK-293 cell lines stably expressing this construct were prepared and used in subsequent characterization and siRNA library screening. To verify the proper functioning of the assay in this context, an siRNA targeting UPF1 was used as a positive control, exhibiting assay dynamic range suitable for high-throughput screening (z'-factors of \>0.5).

![FLuc NMD-targeted assay for high-throughput RNAi screening.\
(**A**) Fusion construct design of the NMD loss-of-function (lof) gain-of-signal (gos) reporter system (3XFLAG-FLuc-βglobinUGA) where a premature termination codon (PTC) within the second exon of the β-globin gene targets the mRNA for rapid NMD (FLuc, firefly luciferase). (**B**) Silencing of the NMD factor UPF1 using three different siRNAs increased expression of transiently expressed luciferase from the NMD 3XFLAG-FLuc-βglobinUGA construct. (**C**) Control normalized, log-transformed MAD Z-scores of genome-wide siRNA screen illustrating high-ranking genes from the NMD pathway. (**D**) STRING pathway analysis illustrating tight connectivity of highest ranking genes into RNA-associated processing pathways.](elife-33178-fig1){#fig1}

Genome-wide RNAi identifies known and putative novel NMD factors {#s2-1}
----------------------------------------------------------------

Genome-wide siRNA screening was conducted using a library of siRNAs targeting \~21,000 human genes with three independent siRNAs per gene ([Figure 1C](#fig1){ref-type="fig"} and [Supplementary File 1](#supp1){ref-type="supplementary-material"}). A major confounding factor in analysis of siRNA screen data is the prevalence of off-target effects mediated by siRNA seed sequences. The large number of siRNAs used in this screen enables application of Common Seed Analysis (CSA), a computational approach to adjust for seed sequence-based off-target effects ([@bib58]). Following CSA, we ranked genes by median seed-corrected Z-score of the corresponding siRNAs and subjected the top ranked hits (seed corrected Z-score \>1.5, 76 genes) to pathway analysis using STRING ([Figure 1D](#fig1){ref-type="fig"}, [Table 1](#table1){ref-type="table"}, and [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}; \[[@bib80]\]). Several canonical members of the NMD pathway were identified with seed-corrected Z-scores \> 1.5, including UPF1, SMG1, SMG5, SMG6, and SMG7. All four members of the core EJC also met this stringent cutoff (RBM8A, EIF4A3, MAGOH, and CASC3), along with DHX8/PRP22 and Aquarius (AQR), proteins implicated in EJC deposition ([@bib41]). NMD pathway components UPF2 and UPF3B also exhibited a positive response in the screen, with seed corrected Z-scores of 0.98 and 0.72, respectively. In addition to proteins known to directly participate in NMD, spliceosomal proteins were highly enriched among genes whose depletion caused elevated luciferase expression, with particular over-representation of proteins from the PRP19-related, Sm, and U2 snRNP sub-complexes ([Supplementary file 2](#supp2){ref-type="supplementary-material"}). Overall, the strong enrichment of genes involved in mRNA processing and NMD indicates that the expected biology was identified by the screen and that other high-scoring genes are likely to be members of the same processes. Moreover, the performance of the screen compares favorably to a recent CRISPR-based screen for NMD factors ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}), particularly with respect to identification of EJC and related proteins. Despite the fact that both screens successfully enriched for proteins known to be involved in NMD, only 13 genes were shared as significant hits between the two screens, five of which were CASC3, SMG5, SMG6, SMG7, and UPF1.
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###### Known NMD factors are enriched among top hits of siRNA screen.

Whole-genome siRNA screen median seed corrected Z-scores. Wilcoxon test p-values, and rank Z-scores for selected genes known to be involved in NMD are shown.

               Gene     Median seed corrected Z-score   p-Value    Rank
  ------------ -------- ------------------------------- ---------- -------
  UPF          UPF1     1.76                            3.05E-03   62
  Proteins     UPF2     0.98                            \>0.05     193
               UPF3B    0.72                            1.15E-02   470
  SMG          SMG1     7.60                            2.41E-03   1
  Proteins     SMG5     2.25                            3.20E-03   47
               SMG6     4.75                            2.47E-03   14
               SMG7     2.14                            2.77E-03   51
               SMG8     0.44                            2.28E-03   1469
               SMG9     0.17                            \>0.1      3859
  EJC          EIF4A3   6.90                            2.41E-03   3
  Proteins     RBM8A    7.04                            2.41E-03   2
               MAGOH    5.65                            2.43E-03   8
               CASC3    3.92                            2.57E-03   19
  EJC          CWC22    1.07                            1.22E-02   150
  Associated   AQR      6.46                            2.42E-03   6
               ACIN1    0                               \>0.1      13890
               RNPS1    −0.70                           \>0.1      20388
  Other        NBAS     0.26                            \>0.1      2955
               PNRC2    0.52                            \>0.05     1074
               DHX34    0                               \>0.1      6499

Following the whole-genome screen, 135 genes were further interrogated with additional siRNAs ([Supplementary file 3](#supp3){ref-type="supplementary-material"}). Of these, 27 exhibited seed-corrected Z-scores greater than 1, including known pathway components SMG1, SMG6, SMG7, EIF4A3, RBM8A, MAGOH, CASC3, CWC22, and AQR. Among the genes whose depletion caused reproducible effects on luciferase expression using multiple siRNAs, we manually curated candidates for downstream analysis, focusing on those with features suggestive of a possible role in NMD. Two promising examples were known interacting partners ICE1/KIAA0947 and the SUMO isopeptidase USPL1 (primary screen seed-corrected Z-scores of 2.91 and 3.01, respectively). These proteins are known to associate with the little elongation complex, a protein assembly that interacts with and promotes RNA polymerase II association and elongation at snRNA promoters ([@bib36]). ICE1 is a \~ 250 kDa nuclear protein proposed to have a scaffolding role in little elongation complex assembly but has not been structurally characterized or previously implicated in NMD ([@bib36]; [@bib40]). To gain insight into possible functions of ICE1 in NMD, we performed protein structure prediction using the Phyre2 web portal ([@bib48]). This analysis identified a putative MIF4G domain with high confidence at the C-terminus of the protein, a region highly conserved among vertebrates ([Figure 1---figure supplement 3](#fig1s3){ref-type="fig"} and [Figure 1---figure supplement 4](#fig1s4){ref-type="fig"}). MIF4G domains are prevalent in proteins involved in translation and NMD ([@bib7]; [@bib12]; [@bib43]), leading us to hypothesize that ICE1 may use its putative MIF4G domain to interact with components of the NMD pathway.

ICE1 depletion increases abundance of transcripts with NMD-inducing features {#s2-2}
----------------------------------------------------------------------------

To assess a possible role for ICE1 in regulating NMD, we performed genome-wide RNAseq analyses of cells transfected with control (siNT), ICE1, and UPF1 siRNAs ([Supplementary file 4](#supp4){ref-type="supplementary-material"}). We began by evaluating the effect of ICE1 depletion on classes of transcripts with known NMD-inducing features. As the luciferase-β-globin reporter used to identify ICE1 undergoes EJC-stimulated decay, we first examined the impact of ICE1 depletion on transcript isoforms containing stop codons at least 50 nt upstream of the final exon-exon junction (PTCs). For these analyses, we focused on genes for which at least one alternative PTC-containing isoform and one normal isoform were represented in our RNAseq data, finding that ICE1 depletion specifically increased the abundance of the PTC-containing isoforms relative to the normal isoforms ([Figure 2A](#fig2){ref-type="fig"}). These data provide initial evidence that ICE1 is important for cellular elimination of many canonical NMD targets.

![ICE1 depletion results in increased abundance of NMD substrates.\
(**A**) CDF plot of the effect of ICE1 depletion on mRNA isoforms containing and lacking PTCs as defined using the 50 nt rule. Only genes with detectable expression of both isoform types were considered. Statistical significance was determined by K-S test. (**B**) (Top) Schematic illustrating SRSF2 splicing isoforms with differential sensitivity to the NMD pathway. (Bottom) RT-qPCR analysis of NMD-insensitive and -sensitive SRSF2 transcript isoforms during ICE1 and UPF1 depletion. ICE1 knockdown efficiency shown on the left is for the cDNA libraries used in [Figure 2B,D and F](#fig2){ref-type="fig"}. (**C**) CDF plot of the effect of ICE1 depletion on expression of mRNAs previously determined to contain or lack actively translated uORFs. Statistical significance was determined by K-S test. (**D**) RT-qPCR analysis of uORF-containing mRNAs CHOP and GADD34 during ICE1 depletion. (**E**) Response to ICE1 depletion among genes (n = 11057) divided into quartiles according to the 3'UTR length of the most highly expressed isoform detected in Kallisto analyses. Statistical significance was determined by K-S test. (**F**) RT-qPCR analysis of NMD substrates with long 3'-UTRs during ICE1 and UPF1 depletion. 3'-UTR lengths are provided in nucleotides (nt) beneath the X-axis. Data represent mean values with error bars illustrating standard deviation. Asterisks indicate statistical significance (n = 3, Student's t-test, p\<0.05) between non-targeting and gene-specific siRNA knockdown values.](elife-33178-fig2){#fig2}

To further investigate a role for ICE1 in EJC-dependent NMD, we tested its involvement in regulating the SR protein SRSF2 (also known as SC35). SRSF2 represents a classic example of NMD-based autoregulation of proteins involved in alternative splicing. Accumulation of SRSF2 protein leads to excision of two introns from its own 3'UTR, generating an NMD target mRNA referred to here as SRSF2(NMD+) (\[[@bib78]\]; [Figure 2B](#fig2){ref-type="fig"}, top schematic). Using previously characterized primers in the SRSF2 3'-UTR to distinguish SRSF2 transcript isoforms (\[[@bib33]\]; arrows denote region of amplification), our results recapitulate previous findings that SRSF2(NMD+) is a potent NMD substrate, as depletion of UPF1 resulted in a seven-fold increase in the NMD+ isoform compared to non-targeting controls ([Figure 2B](#fig2){ref-type="fig"}, bottom right bar graph). Consistent with our RNAseq studies, depletion of ICE1 resulted in a four-fold increase in the abundance of this NMD target ([Figure 2B](#fig2){ref-type="fig"}, bottom right graph), while levels of the unspliced 3'UTR isoform SRSF2(NMD-) were not increased. These findings indicate that increases in the SRSF2(NMD+) isoform are due to disruption of EJC-stimulated NMD rather than increased transcription from the SRSF2 locus.

Transcripts containing uORFs represent a second prominent class of NMD targets ([@bib23]; [@bib39]). If uORFs are efficiently used relative to the major transcript ORF, the uORF TC can be recognized as a premature termination codon and degraded by NMD. We examined genes represented in a translation initiation site (TIS) database based on ribosome profiling data from HEK-293 cells ([@bib87]). Of the 4310 genes expressed in our RNAseq data that also met ribosome profiling read coverage cutoffs for inclusion in the TIS database, 1578 showed evidence of uORF translation. As expected of a putative NMD factor, depletion of ICE1 systematically led to increased abundance of mRNAs with empirically identified uORFs, compared to those lacking evidence of uORF translation ([Figure 2C](#fig2){ref-type="fig"}). The extent of up-regulation among uORF-containing mRNAs was less than that observed for PTC-containing mRNAs ([Figure 2A](#fig2){ref-type="fig"}), possibly because leaky scanning or efficient re-initiation at downstream ORFs is sufficient to stabilize many mRNAs undergoing some degree of uORF translation ([@bib63]; [@bib94]). Because ICE1 participates in snRNA biogenesis as part of the little elongation complex, we asked whether the observed increases in uORF-containing mRNAs could be attributed to alterations in splicing. We detected alternative splicing events using two independent software packages, Majiq and Leafcutter, and excluded any genes found to undergo of splicing changes upon ICE1 depletion by either algorithm, using permissive cutoffs ([Supplementary file 5](#supp5){ref-type="supplementary-material"}; see Materials and methods for details; \[[@bib55]; [@bib85]\]). Removing these genes from the analysis of uORF-containing mRNAs had no apparent impact ([Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}). Likewise, removing the genes for which evidence of a PTC-containing isoform was detected ([Figure 2A](#fig2){ref-type="fig"}) had no effect on the relationship between ICE1 depletion and uORF mRNA abundance ([Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}).

Despite advances in uORF identification, there remain few human transcripts in which relative translation efficiencies of uORFs and primary ORFs are well characterized. For this reason, we chose to validate ICE1's role in uORF-directed decay by studying key regulators of the Integrated Stress Response (ISR) known to be subject to translational regulation through uORFs that are inhibitory to translation of the downstream codon sequence (CDS). Under normal conditions, expression of both the transcription factor CHOP/DDIT3 and the phosphatase regulatory subunit GADD34/PPP1R15A are impaired by a mechanism involving translation of an inhibitory uORF that prevents downstream reinitiation at the CDS ([@bib92]). The inability of the ribosome to translate the CDS and displace UPF1 and/or EJCs predisposes these transcripts for NMD ([@bib45]; [@bib74]; [@bib89]). To investigate the effect of ICE1 depletion on transcript abundance of the ISR members CHOP/DDIT3 and GADD34/PPP1R15A, we performed RT-qPCR on RNA from cells treated with siICE1 or a non-targeting control siRNA. During ICE1 depletion, there was a 2--2.5 fold increase in the abundance of these uORF-containing transcripts ([Figure 2D](#fig2){ref-type="fig"}). To ensure that this was not an artifact of ICE1 depletion potentially inducing the ISR, we also measured levels of the downstream ISR member ASNS, which is transcriptionally induced during the ISR but not under translational control ([@bib6]; [@bib8]). ICE1 depletion did not increase ASNS levels ([Figure 2D](#fig2){ref-type="fig"}), and we did not observe alterations in mRNA processing of these and other genes induced by ICE1 depletion (see below; [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}), suggesting that the increase in CHOP/DDIT3 and GADD34/PPP1R15A levels was the product of reduced NMD activity.

Due to the large number of human NMD targets made susceptible to decay via long 3'UTRs, we also examined the impact of ICE1 depletion on abundance of transcripts with varying 3'UTR lengths. We stratified genes into quartiles on the basis of the 3'UTR length of their most highly expressed isoforms in siNT-treated cells. The responses of genes with 3'UTRs in the shortest two quartiles (\<354 nt and 355--961 nt) were indistinguishable, but ICE1 depletion resulted in significantly increased abundance of genes with 3'UTRs in the longest two quartiles (962--2158 nt and \>2158 nt; [Figure 2E](#fig2){ref-type="fig"}). The failure of ICE1 depletion to enhance abundance of mRNAs with 3'UTRs of moderate length (355--961 nt) differs from the significantly enhanced accumulation of such mRNAs in UPF1-depleted cells, but further work will be required to determine whether this is due to biological or technical differences ([Figure 2---figure supplement 1C](#fig2s1){ref-type="fig"}). As with the uORF-containing mRNAs, exclusion of mRNAs exhibiting ICE1-dependent splicing changes or expression of PTC-containing isoforms had no effect on the analysis of ICE1 depletion and 3'UTR-dependent changes in mRNA abundance ([Figure 2---figure supplement 1D and E](#fig2s1){ref-type="fig"} and [Supplementary file 5](#supp5){ref-type="supplementary-material"}). In subsequent qRT-PCR studies, ICE1 knockdown led to increased abundance of some long 3'UTR-containing mRNAs sensitive to UPF1 depletion, including ZNF667 (1855 nt 3'UTR), CDK6 (10,235 nt), and SETD7 (5461 nt) ([Figure 2F](#fig2){ref-type="fig"} and [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). Together, our RNAseq analyses suggest that ICE1 depletion can disrupt NMD induced by uORFs, PTCs, and long 3'UTRs.

ICE1 depletion stabilizes mRNAs with NMD-inducing features {#s2-3}
----------------------------------------------------------

To investigate whether the observed changes in mRNA abundance were due to increases in mRNA stability consistent with NMD inhibition, we used REMBRANDTS software to infer changes in mRNA stability from the relative abundance of exonic and intronic reads from each gene ([@bib2]). The REMBRANDTS algorithm is a refinement of earlier methods based on the idea that a change in exonic reads without a corresponding change in intronic reads is diagnostic of differential RNA stability, while concurrent changes in both exonic and intronic reads suggest altered transcription ([@bib3]; [@bib22]; [@bib93]). The effects of ICE1 depletion on mRNA abundance and relative stability were highly correlated (Spearman's ρ=0.69; p\<10^−15^; [Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"} and [Supplementary file 6](#supp6){ref-type="supplementary-material"}), and transcripts that significantly increased in steady-state abundance with ICE1 knockdown were preferentially stabilized upon ICE1 or UPF1 depletion ([Figure 3A](#fig3){ref-type="fig"} and [Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}). Likewise, mRNAs that were increased in abundance upon UPF1 knockdown tended to be stabilized by ICE1 knockdown or UPF1 knockdown ([Figure 3---figure supplement 1C and D](#fig3s1){ref-type="fig"}). Comparison of relative mRNA stability upon ICE1 depletion with responses to UPF1 or UPF3B siRNAs revealed that the populations of mRNAs stabilized by depletion of these two core NMD factors were stabilized to a similar extent by ICE1 depletion ([Figure 3B](#fig3){ref-type="fig"}). Moreover, the mRNAs stabilized in both UPF1 and UPF3B knockdown cells exhibited an enhanced response to ICE1 depletion. Finally, we asked whether ICE1 depletion preferentially stabilizes mRNAs with uORFs or long 3'UTRs, with results that closely mirrored our findings based on steady-state mRNA abundance measurements (compare [Figure 2C and E](#fig2){ref-type="fig"} with [Figure 3---figure supplement 1E and F](#fig3s1){ref-type="fig"}).

![ICE1 depletion causes stabilization and translation of NMD target mRNAs.\
(**A**) CDF plot of relative mRNA stability as determined by REMBRANDTS analysis of RNAseq following siICE or siNT treatment, categorized according to the change in steady-state mRNA levels upon siICE1 treatment. Transcripts were classified as increased in siICE1 if they exhibited a log2(FC) \>0.5 and a Sleuth q-value \<0.05. Statistical significance was determined by K-S test. (**B**) CDF plot as in (**A**), with genes categorized according to their relative stability changes in response to UPF1 or UPF3B knockdown. Transcripts with log2(Δstablity)\>0.2 and p-value\<0.05 were classified as stabilized. Statistical significance was determined by K-S test. (**C**) Gene-specific mRNA half-lives during siRNA depletion as determined by 5-EU metabolic labeling. Bars represent mean half-life values from three biological replicates, error bars indicate standard deviation, and asterisks mark significant differences between treatments (Student's t-test; p\<0.05). (**D**) Western blot of protein levels from HEK-293 lysates depleted of ICE1 (siICE1) or a non-targeting control (siNT).](elife-33178-fig3){#fig3}

To independently assess whether ICE1 affects NMD target mRNA stability, we used a metabolic labeling approach to quantify mRNA half-lives in cells transfected with non-silencing control, UPF1, or ICE1 siRNAs ([@bib18]; [@bib72]). Following gene depletion, cells were pulse-labeled with 5-ethynyluridine, a modified nucleoside that allows covalent biotinylation and quantitative recovery of newly transcribed mRNA. Transcript half-lives can then be calculated based on the relative abundance of nascent and total mRNA. As observed in our transcriptome-wide analyses, these metabolic labeling studies indicated that either ICE1 or UPF1 depletion increased the stability of several well-characterized NMD target mRNAs, while failing to stabilize the non-NMD target control ASNS (**[Figure 3C](#fig3){ref-type="fig"}; [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"})**. Together, these results indicate that the effect of ICE1 depletion on steady-state levels of mRNAs with NMD-inducing features is due to increased mRNA stability, consistent with a role for the protein in promoting NMD through UPF1 and UPF3B.

ICE1 depletion causes concomitant increases in mRNA and protein expression {#s2-4}
--------------------------------------------------------------------------

NMD execution depends on mRNA nuclear export and translation in the cytoplasm, meaning that interference with multiple aspects of mRNA biogenesis, transport, and function can cause indirect inhibition of decay. The gain of luciferase signal observed with ICE1 siRNAs in the whole-genome screen suggests that ICE1 depletion did not prevent efficient NMD reporter export and translation ([Figure 1C](#fig1){ref-type="fig"} and [Supplementary file 1](#supp1){ref-type="supplementary-material"}). To corroborate this finding using endogenous NMD substrates, we detected several proteins produced from UPF1- and ICE1-sensitive mRNAs by immunoblotting ([Figure 3D](#fig3){ref-type="fig"}). In all cases, we observed substantial increases in protein production from the target mRNAs, indicating that ICE1 depletion increases stability of NMD target mRNAs without interfering with their translation in the cytoplasm.

ICE1 associates with the core EJC {#s2-5}
---------------------------------

Based on our observations implicating ICE1 in NMD, we next tested whether ICE1 associates with NMD or EJC proteins. Whole cell lysates from HEK-293 cells were subjected to immunoprecipitation assays using antibodies against ICE1, with UPF3B antibodies as a positive control for recovery of both the trimeric UPF complex and EJC components. Immunoblot analysis of samples purified with these specific antibodies or control IgGs revealed ICE1 co-purification with the core EJC component eIF4AIII, ([Figure 4A](#fig4){ref-type="fig"}), but not NMD proteins UPF1, UPF2, or UPF3B. Conversely, UPF3B co-purified with eIF4AIII, UPF1, and UPF2, but not ICE1. The immunoprecipitation protocol used involves hypotonic lysis and gentle buffer conditions to retain RNA-binding protein interactions with RNAs (see Materials and methods). To further investigate the nature of the interaction between ICE1 and eIF4AIII, we determined whether coprecipitation was disrupted by thorough digestion with an RNase A/T1 cocktail. Indicative of RNA-independent complex formation, ICE1 coprecipitation with eIF4AIII was not perturbed by RNase digestion. Importantly, in the UPF3B-positive control immunopurifications, RNase treatment abolished recovery of ribosomal protein S6 and PABPC1, suggesting that the RNase conditions used efficiently disrupted RNA-mediated interactions ([Figure 4A](#fig4){ref-type="fig"}).

![ICE1 co-immunopurifies with the core EJC in HEK-293 cells.\
(**A**) Western blot showing lysates subject to co-immunoprecipitation with control IgG, ICE1 or UPF3B antibodies. Lysates were treated with RNase A/T1 cocktail during the copurification (+) or untreated (-), and antibodies against the indicated proteins were used for detection. (**B**) Western blot of cell lysates subject to co-immunoprecipitation with control IgG, ICE1 or UPF3B antibodies. Antibodies against the core EJC members used for detection are indicated at the left, and asterisk indicates non-specific band. (**C**) Western blot of lysates subject to co-immunoprecipitation with control IgG or monoclonal eIF4AIII antibody. Antibodies used for detection of the core and peripheral EJC components are indicated. Input lanes represent 3% of the total immunoprecipitated material.](elife-33178-fig4){#fig4}

We also observed recovery of CASC3 and MAGOH in samples immunopurified with the antibody against ICE1, indicating that ICE1 interacts with fully assembled EJCs ([Figure 4B](#fig4){ref-type="fig"}). Reciprocally, we used monoclonal antibodies against eIF4AIII to coprecipitate ICE1, along with the expected partners UPF3B, MAGOH, and CASC3 ([Figure 4C](#fig4){ref-type="fig"}). Of note, we were unable to recover UPF3B or ICE1 from FLAG co-immunoprecipitations when the N- or C-termini of eIF4AIII were tagged, consistent with a previously reported mass spectrometry dataset (data not shown; \[[@bib76]\]). Furthermore, while we did not observe co-purification of ICE1 and UPF3B using antibodies against endogenous proteins, stably overexpressed 3XMYC-UPF3B recovered ICE1, in a manner dependent on the UPF3B EJC-binding domain ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). These findings indicate that ICE1 can participate in a EJC-UPF3B complex but preferentially associates with fully assembled EJCs not bound to UPF3B.

A putative MIF4G domain mediates ICE1-EJC interactions and inhibits NMD when overexpressed {#s2-6}
------------------------------------------------------------------------------------------

As described above, ICE1 encodes a putative C-terminal MIF4G domain ([Figure 1---figure supplement 4](#fig1s4){ref-type="fig"} and [Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"}). To determine if the C-terminus of ICE1 is important for EJC interaction, we transiently expressed 3XFLAG-tagged full-length ICE1 ([Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"}; 3XF-ICE1), a variant lacking the C-terminus (3XF-ICE1 N-term), or the putative C-terminal MIF4G domain (3XF-MIF4G^ICE1^). The full-length ICE1 protein and the isolated C-terminus recovered endogenous eIF4AIII and CASC3 above background levels, but the protein lacking the C-terminus failed to enrich for the EJC proteins ([Figure 5---figure supplement 1B](#fig5s1){ref-type="fig"}). To further probe the interaction between the putative MIF4G domain and the EJC, we employed stable Flp-In 293-TREx cell lines that allow for the integration of a single, inducible copy of a transgene of interest. Using stable expression of 3XF-MIF4G^ICE1^, we again observed that putative ICE1 MIF4G domain was sufficient for association with eIF4AIII ([Figure 5A](#fig5){ref-type="fig"}). This interaction was retained during extensive RNase digestion, consistent with co-immunopurification studies using antibodies against endogenous proteins ([Figure 4A](#fig4){ref-type="fig"}).

![The putative MIF4G domain of ICE1 is sufficient to interact with eIF4AIII.\
(**A**) Western blot of cell lysates stably expressing mock or 3XFLAG-tagged putative ICE1 MIF4G domain (3XFLAG-MIF4G^ICE1^) were subjected to coimmunoprecipitation with a FLAG antibody. Lysates were treated with RNase A/T1 cocktail during the copurification (+), and antibodies used for detection are indicated at the left. Input lanes represent 3% of the total immunoprecipitated material. (**B**) (Top) RT-qPCR analysis of the NMD targets ATF3, ANXA1 and CGA in HEK-293 cells expressing a mock plasmid or vector expressing 3XFLAG-tagged putative ICE1 MIF4G domain. (Bottom) RT-qPCR analysis of ATF3, ANXA1 and CGA levels in cells depleted of ICE1 or UPF1. ICE1 knockdown efficiency is represented in [Figure 2B](#fig2){ref-type="fig"}. Data represent mean values with error bars illustrating standard deviation. Asterisks indicate statistical significance between control and 'treatment' values for each experiment (n = 3, Student's t-test, p\<0.05).](elife-33178-fig5){#fig5}

As the C-terminal \~30 kDa of ICE1 is sufficient for its interaction with EJC proteins, we asked whether overexpression of the putative MIF4G domain could have a dominant negative effect. Consistent with this hypothesis, stable overexpression of the (3XFLAG-MIF4G^ICE1^) protein used for immunoprecipitation experiments caused a reproducible several-fold increase in levels of two mRNAs that responded strongly to both ICE1 and UPF1 knockdown in RNAseq and qRT-PCR experiments, ANXA1 (which contains a putative uORF; \[[@bib83]\]) and CGA (previously identified as a strong target of UPF3B-dependent NMD; ([@bib16]); [Figure 5B](#fig5){ref-type="fig"}). We note that this effect is not observed on all NMD targets tested, as the NMD substrate ATF3 was not stabilized during MIF4G overexpression, but is likely only apparent on highly NMD-sensitive transcripts such as ANXA1 and CGA ([Figure 5B](#fig5){ref-type="fig"}). Together, these data indicate that ICE1's interaction with eIF4AIII occurs through its putative MIF4G domain and that its pro-NMD function is disrupted when this domain is expressed in trans.

ICE1 is required for the link between nuclear EJC assembly and cytoplasmic decay {#s2-7}
--------------------------------------------------------------------------------

Having observed ICE1 co-purification with endogenous core EJC proteins but not UPF3B, we next investigated whether NMD inhibition upon ICE1 depletion was due to disrupted EJC function. To determine whether ICE1 modulates EJC interactions with peripheral factors, we immunopurified fully assembled EJCs and associated proteins using an antibody against CASC3. In lysates from HEK-293 cells depleted of ICE1 (siICE1), CASC3 co-immunoprecipitated with EJC core members eIF4AIII and MAGOH at comparable levels as in the non-targeting (siNT) control ([Figure 6A](#fig6){ref-type="fig"}, left immunoblot, right bar graph illustrating eIF4AIII/CASC3 recovery efficiency quantified from three independent replicates), suggesting that ICE1 is not required for core EJC assembly. Interestingly, further immunoblotting of proteins co-purified with CASC3 showed a drastic reduction in the ability of the mature EJC to associate with NMD factors UPF3B and UPF2 when ICE1 was depleted. Following ICE1 depletion, CASC3 coprecipitated \~70% less UPF3B and, by association, nearly undetectable levels of UPF2 as compared to the non-targeting control ([Figure 6A](#fig6){ref-type="fig"}, left immunoblot, right bar graph illustrating UPF3B/CASC3 recovery efficiency quantified from three independent replicates). We observed similar disruption of UPF3B-EJC interactions upon overexpression of the putative ICE1 MIF4G domain, suggesting that the phenotypes arising from these interventions share a mechanistic basis ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}).

![ICE1 is required for UPF3B association with the EJC.\
(**A**) (Left) Western blot of cell lysates depleted with negative control or ICE1 siRNAs were subjected to co-immunoprecipitation with IgG or CASC3 antibodies. Antibodies against UPF and EJC proteins were used for detection, as indicated on the left. (Right) Quantification of three independent experiments showing densitometry values of UPF3B or eIF4AIII recovery during CASC3 i.p. with or without ICE1 depletion. Error bars represent standard deviation, and the asterisk indicates statistical significance compared to control (Student's t-test, p\<0.05). (**B**) (Left) Imaging flow cytometry of 293 cells stably expressing GFP-UPF3B fusion protein during ICE1 or control depletion. Images presented represent unbiased collection events generated by IDEAS software from each treatment group's median bin. (Top right) Quantification of nuclear/cytosolic GFP-UPF3B fusion protein ratios during ICE1 depletion or control. Bars represent 25th, 50th, and 75th quartile for each treatment group, and asterisks indicate statistical significance (n = 1588 (siNT); n = 2167 (siICE1); Mann Whitney test, p\<10--15). (Bottom right) Western blot of total GFP-UPF3B protein levels during ICE1 depletion.](elife-33178-fig6){#fig6}

The defect in UPF3B-EJC association in the absence of ICE1 could be due to impaired RNP assembly in the nucleus or failure to retain interactions in the cytoplasm. To begin to explore the role of ICE1 in regulating EJC-UPF3B interactions, we examined the localization of stably expressed GFP-tagged UPF3B in cells treated with control or ICE1 siRNAs. Following siRNA transfection, we marked nuclei with Hoechst stain and subjected cells to imaging flow cytometry ([Figure 6B](#fig6){ref-type="fig"}). This approach allowed quantitative determination of the nuclear-cytoplasmic distribution of GFP-UPF3B in thousands of cells. In control cells, GFP-UPF3B was predominantly nuclear, but prominent diffuse cytoplasmic signal could also be observed, resulting in a median nuclear:cytoplasmic ratio of 2.89 ± 0.85 S.E.M. In contrast, ICE1 depletion caused UPF3B to accumulate in nuclei and be depleted from the cytoplasm. In knockdown cells, the median nuclear:cytoplasmic ratio shifted significantly to 5.59 ± 2.65 S.E.M. (Mann Whitney test, p\<10^−15^), presumably decreasing UPF3B's capacity to interact with mRNA targets of decay. It is thought that UPF3B is exported from the nucleus in association with mRNA-bound EJCs ([@bib27]). To test whether reduced EJC binding contributes to increased nuclear accumulation of UPF3B, we analyzed the subcellular localization of the wild-type GFP-UPF3B and a mutant protein partially defective for EJC binding (GFP-UPF3BΔ412-434 \[[@bib15]; [@bib29]\]). The EJC-binding impaired UPF3B exhibited a modest defect in co-immunoprecipitation with eIF4AIII and significantly enhanced nuclear localization, consistent with the results from ICE1 knockdown cells ([Figure 6---figure supplement 2](#fig6s2){ref-type="fig"}). These findings suggest that inability of UPF3B to interact with EJCs may in part account for lack of export to the cytoplasm in the absence of ICE1.

UPF3B overexpression overcomes ICE1 depletion {#s2-8}
---------------------------------------------

Previous studies have shown that a UPF3B peptide can interact directly with EJCs assembled in vitro, albeit with modest affinity (\~10 μM; \[[@bib11]\]). Our data suggest that ICE1 promotes association of UPF3B with the EJC, raising the possibility that ICE1 depletion may be overcome by boosting UPF3B levels. To test this hypothesis, we depleted ICE1 from parental HEK-293 cells or a cell line stably over-expressing 3XFLAG-UPF3B and assessed the ability of CASC3 to co-purify tagged and endogenous UPF3B. As shown in ([Figure 6A](#fig6){ref-type="fig"}), ICE1 depletion from parental cells caused a decrease in UPF3B recovery with CASC3 ([Figure 7A](#fig7){ref-type="fig"}, lanes 2 and 4). However, this defect in association could be rescued by overexpressing 3XFLAG-UPF3B ([Figure 7A](#fig7){ref-type="fig"}, lanes 6 and 8). To determine whether restoration of the EJC-UPF3B interaction could also enhance NMD, we assayed the effect of ICE1 depletion on several NMD target mRNAs in parental and UPF3B-overexpression lines. As above, ICE1 depletion caused an increase in levels of ATF3, GADD45B, GAS5, and ANXA1 mRNAs. Importantly, over-expressing exogenous UPF3B partially rescued the NMD phenotype, causing significant reductions in the abundance of the EJC-mediated substrates ([Figure 7B](#fig7){ref-type="fig"}). Consistent with previous findings, overexpression of UPF3B in the presence of ICE1 did not affect NMD target levels ([@bib37]), suggesting that the rescue of ICE1 depletion was not simply due to enhanced NMD efficiency. Together, the biochemical and functional rescue of ICE1 depletion by UPF3B overexpression indicates that the loss of NMD in the absence of ICE1 is due to a failure in UPF3B-EJC assembly or stability.

![UPF3B overexpression ameliorates NMD defect during ICE1 depletion.\
(**A**) Western blot of cell lysates engineered to stably overexpress 3XFLAG-UPF3B or parental vector treated with ICE1 or non-targeting control siRNAs. Co-immunoprecipitation of the EJC was performed using anti-CASC3 antibodies. Input lanes represent 3% of the total immunoprecipitated material. (**B**) RT-qPCR analysis of EJC-stimulated targets in parental or UPF3B overexpression cell lines depleted of ICE1 or a non-targeting control. Asterisks indicate statistical significance in fold change between parental and UPF3B overexpression lines during ICE1 depletion (n = 3, Student's t-test, \*p\<0.05; \*\*p\<0.01). (**C**) Model illustrating the requirement of ICE1 to facilitate UPF3B association with the EJC and subsequently target EJC-stimulated NMD substrates for decay.](elife-33178-fig7){#fig7}

Discussion {#s3}
==========

Beginning from whole-genome RNAi screening for proteins involved in the human NMD pathway, we present evidence that ICE1 is a EJC-associated protein that promotes UPF3B-EJC association and regulation of a large swath of NMD targets. This discovery was enabled by the CSA approach, which minimizes the impact of off-target effects mediated by siRNA seed sequences ([@bib58]). Indicative of the potential to identify novel NMD factors, this strategy resulted in high levels of enrichment of proteins known to be involved in NMD. The screen was particularly well suited to identification of factors involved in EJC-enhanced NMD, with all four core EJC components and two previously known assembly factors exhibiting high median seed-corrected Z-scores, in addition to the newly identified EJC-interacting factor ICE1. We focus on the role of ICE1 in this study, but we expect that the screen data, particularly when combined with a recent CRISPR-based screen ([@bib1]), will provide a valuable resource for further investigation of novel NMD factors.

ICE1 depletion results in increased abundance of mRNAs selected for NMD on the basis of stop codons that violate the 50--55 nt rule, uORFs, and 3'UTR length. While decay of the former class is clearly stimulated by the presence of EJCs, the uORF class likely comprises a mix of transcripts that undergo EJC-dependent and EJC-independent decay, depending on transcript architecture, uORF translation frequency, and other factors. In our RNAseq studies, the largest effects of ICE1 loss appear to be on EJC-enhanced NMD, but our data also suggest a role for the protein in promoting decay of transcripts with longer than normal 3'UTRs. Even among the core NMD factors UPF2 and UPF3B, differential substrate preferences have been observed, leading to the proposal that there are multiple 'branches' of the NMD pathway, each with distinct cofactor requirements ([@bib16]; [@bib26]; [@bib37]; [@bib62]). As yet, however, the RNA features underlying susceptibility to the various proposed NMD sub-pathways are not understood.

Biochemical and functional assays suggest that ICE1 functions in NMD by promoting the proper association of UPF3B with EJCs ([Figure 7C](#fig7){ref-type="fig"}). UPF2 association with EJCs is also decreased in ICE1 knockdown cells, presumably due to the inability of UPF3B to act as a bridging factor ([@bib15]). In addition to the defect in UPF3B-EJC association, we also observed reduced accumulation of UPF3B in the cytoplasm of cells depleted of ICE1 ([Figure 6B](#fig6){ref-type="fig"}). Since UPF3B assembly with EJCs is thought to occur in the nucleus, enhanced UPF3B nuclear localization is unlikely to account for the observed defect in EJC binding. Instead, our data indicate that reduced export of UPF3B may be in part a consequence of decreased association with EJCs in the nucleus, preventing export of UPF3B with mRNPs. Alternatively, decreased stability of the UPF3B-EJC association could result in more rapid re-import of UPF3B. In turn, the reduced abundance of UPF3B in the cytoplasm may have the side-effect of impairing long 3'UTR-mediated NMD, explaining the apparent protection of such targets upon ICE1 depletion. Promotion of efficient UPF3B nuclear export by the EJC could also be necessary for its newly identified function in translation termination and help to explain why depletion of EJC factors has been observed to affect the decay of well-characterized 3'UTR length-dependent NMD targets ([@bib37]; [@bib64]).

Together, our data are consistent with a model in which ICE1 helps to prepare newly assembled EJCs for association with UPF3B ([Figure 7C](#fig7){ref-type="fig"}). We find that ICE1 interacts with EJC components at endogenous levels, but have not observed an interaction between the endogenous ICE1 and UPF3B proteins. As these experiments were carried out under native conditions, we cannot exclude the possibility that this is in part due to dissociation during isolation. Arguing against this scenario, we readily observe UPF3B co-immunoprecipitation with the EJC under the same purification conditions and can detect co-purification of UPF3B with ICE1 when either UPF3B or the ICE1 C-terminus is overexpressed. Overexpressed UPF3B lacking the ability to bind EJCs also fails to associate with ICE1, leading us to propose that ICE1 and UPF3B can concurrently interact with the EJC but that this complex is scarce or absent under normal cellular conditions. Together, our data suggest that ICE1 transiently interacts with fully assembled EJCs to promote UPF3B-EJC association. Possible effects of ICE1 binding to EJCs could be increased efficiency of EJC maturation or altered post-translational modification of EJC proteins, each of which could have the effect of increasing UPF3B recruitment or the stability of the complex. Alternatively, transient interactions between ICE1 and UPF3B could enhance UPF3B recruitment to EJCs.

With increasing organismal complexity, the NMD pathway has evolved to use the exon junction complex to more efficiently discriminate between aberrant and normal mRNAs. The addition of components to the pathway in turn presents new opportunities for regulatory fine-tuning of decay. Interestingly, duplication of the ancestral UPF3 gene to yield UPF3A and UPF3B proteins has recently been shown to enable cell-type-specific control of NMD ([@bib75]). UPF3A has a reduced capacity to interact with EJCs but retains important UPF2-interacting residues, allowing it to disrupt UPF3B activity by competing for UPF2 binding. Our observations suggest that the association of UPF3B with the EJC is also a potential target for regulatory control of NMD. In this case, interference with ICE1 function appears to leave the UPF2-UPF3B interaction intact ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}), while reducing the ability of UPF3B to associate with EJCs ([Figure 6](#fig6){ref-type="fig"} and [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). Since UPF3A and ICE1 affect distinct UPF3B interactions, they could be independently or concurrently used for cell-type- or condition-specific regulation of NMD. Further work will be required to understand whether ICE1 is subject to regulation, but our findings clearly point to an opportunity for cells and/or therapeutic interventions to manipulate ICE1 to decouple the EJC's role in NMD from its contributions to pre-mRNA splicing, export, localization, and translation.

Materials and methods {#s4}
=====================

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reagent type (species)\                 Designation                             Source or reference                    Identifiers                                                                          Additional information
  or resource                                                                                                                                                                                                 
  --------------------------------------- --------------------------------------- -------------------------------------- ------------------------------------------------------------------------------------ -----------------------------------------------------------------------
  Gene (*Homo sapiens*)                   ICE1                                    Addgene plasmid \# 49428               NM_015325                                                                            Originally KIAA0947

  Cell line (*H. sapiens*)                pKC-4.06                                This study                                                                                                                  HEK-293 cell line stably expressing pCMV-3XFLAG-Fluc-B-globin (39PTC)

  Cell line (*H. sapiens*)                Flp-In T-Rex-293 cells                  Invitrogen                             Cat. No. R78007                                                                      

  Cell line (*Drosophila melanogaster*)   S2 cells                                ThermoFisher Scientific                Cat. No. R690-07                                                                     

  Transfected construct (*H. sapiens*)    pCMV-3XFLAG-Fluc-B-globin (39PTC)       Professor Lynne Maquat                 NA                                                                                   

  Transfected construct (*H. sapiens*)    pcDNA5-FRT-TO-3XF-ICE1                  This study                             NA                                                                                   Cloned using Addgene plasmid \# 49428

  Transfected construct (*H. sapiens*)    pcDNA5-FRT-TO-3XF-ICE1-Nterm            This study                             NA                                                                                   

  Transfected construct (*H. sapiens*)    pcDNA5-FRT-TO-3XF-ICE1-MIF4G            This study                             NA                                                                                   

  Transfected construct (*H. sapiens*)    pcDNA5-FRT-TO-3XF-UPF3B                 This study                             NA                                                                                   Cloned from HEK-293 cDNA library

  Transfected construct (*H. sapiens*)    pcDNA5-FRT-TO-3XMYC-UPF3B               This study                             NA                                                                                   

  Transfected construct (*H. sapiens*)    pcDNA5-FRT-TO-3XMYC-UPF3B(delN-term)    This study                             NA                                                                                   

  Transfected construct (*H. sapiens*)    pcDNA5-FRT-TO-3XMYC-UPF3B(delC-term)    This study                             NA                                                                                   

  Transfected construct (*H. sapiens*)    pcDNA5-FRT-TO-3XMYC-UPF3B(del421-434)   This study                             NA                                                                                   

  Transfected construct (*H. sapiens*)    pcDNA5-FRT-TO-GFP-UPF3B                 This study                             NA                                                                                   

  Transfected construct (*H. sapiens*)    pcDNA5-FRT-TO-GFP-UPF3B(del421-434)     This study                             NA                                                                                   

  Antibody                                anti-ACTIN                              Cell Signaling                         Cat. No. 3700S, RRID:[AB_2242334](https://scicrunch.org/resolver/AB_2242334)         (1:5000)

  Antibody                                anti-ANXA1                              Bethyl Laboratories                    Cat. No. A305-235A, RRID:[AB_2631628](https://scicrunch.org/resolver/AB_2631628)     (1:1000)

  Antibody                                anti-ATF3                               Abcam                                  Cat. No. Ab58668, RRID:[AB_879578](https://scicrunch.org/resolver/AB_879578)         (1:500)

  Antibody                                anti-CASC3                              Bethyl Laboratories                    Cat. No. A302-472A, RRID:[AB_1944210](https://scicrunch.org/resolver/AB_1944210)     (1:1000)

  Antibody                                anti-CASC3                              Bethyl Laboratories                    Cat. No. A302-471A, RRID:[AB_1944212](https://scicrunch.org/resolver/AB_1944212)     For IP

  Antibody                                anti-eIF4AIII                           Bethyl Laboratories                    Cat. No. A302-981A, RRID:[AB_10748369](https://scicrunch.org/resolver/AB_10748369)   (1:1000)

  Antibody                                anti-eIF4AIII (mouse monoclonal)        Developmental Studies Hybridoma Bank   PCRP-EIF4A3-3A2                                                                      For IP

  Antibody                                anti-FLAG                               Sigma                                  Cat. No. F1804, RRID:[AB_262044](https://scicrunch.org/resolver/AB_262044)           (1:1000)

  Antibody                                anti-GADD34                             Proteintech                            Cat. No. 10449--1-AP, RRID:[AB_2168724](https://scicrunch.org/resolver/AB_2168724)   (1:500)

  Antibody                                anti-GADD45B                            Abcam                                  Cat. No. Ab105060, RRID:[AB_10714129](https://scicrunch.org/resolver/AB_10714129)    (1:500)

  Antibody                                anti-KIAA0947 (ICE1)                    Bethyl Laboratories                    Cat. No. A304-276A, RRID:[AB_2620472](https://scicrunch.org/resolver/AB_2620472)     (1:1000)
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

RNAi screen {#s4-1}
-----------

To generate an NMD-sensitive luciferase reporter, we constructed pCMV-3XFLAG-FLuc-β-globin (39PTC) using PCR, traditional cloning methods, and β-globin reporters kindly provided by Professor Lynne Maquat (University of Rochester). Pilot screens were performed by transfecting HEK-293 cells with pCMV-3XFLAG-FLuc-β-globin (39PTC) using Lipofectamine 2000 according to the manufacturer's protocol (Thermo Fisher Scientific, Waltham, MA). 24 hr after transfection, selection for stable genomic integration was performed with 800 µg/mL Geneticin (Thermo Fisher Scientific) in 96-well plates at three cells/well density. Two weeks following the geneticin selection, 33 monoclonal cell colonies were isolated and expanded. The colony that showed the best response to the UPF1 siRNAs (denoted pKC-4.06) was selected and expanded for use in the global assay. Whole-genome RNAi screening was conducted using the facilities of the Division of Pre-Clinical Innovation at NCATS (Rockville, MD). Considerations for design, optimization, analysis and hit selection criteria of the RNAi assay were taken according to the extensive guidelines previously outlined ([@bib5]; [@bib59]). Briefly, siRNA screening was conducted using a genome-wide library of Silencer Select siRNAs (Thermo Fisher Scientific) comprising three siRNAs per gene for \~21,000 genes. 2 pmol of siRNA (20 nM final concentration) was pre-spotted to 384-well plates, and 0.07 µL Lipofectamine RNAiMax was added in 20 µL of serum-free DMEM media. This complex was incubated at ambient temperature for 30 min prior to adding 1000 pKC-4.06 cells in 20 µL of 20% serum DMEM media. Cells were incubated for 72 hr prior to the addition of OneGlo (Promega, Madison, WI) luciferase assay reagent. For data analysis, screen data were filtered for off-target effects by applying the Common Seed Analysis (CSA) approach ([@bib58]). Hit selection was performed by converting normalized values into ranked Z-scores, and statistical significance determined with non-parametric Wilcoxon rank sum tests. STRING was used to identify any known interactions among the top screen hits (median seed corrected Z \> 1.5; \[[@bib79]\]). For comparison to the siRNA screen, high-throughput sequencing data (NCBI SRA BioProject accession PRJNA353310) from a previously reported pooled CRISPR screen for NMD components were analyzed with MAGeCK software ([@bib1]; [@bib54]).

Cell culture and endogenous gene depletion by RNAi {#s4-2}
--------------------------------------------------

Human Flp-In T-REx-293 cells (Invitrogen, Carlsbad, CA; Cat. No. R78007) were maintained at 37°C and 5% CO~2~ in DMEM with 10% FBS and 1% pen/strep. Cells were obtained directly from the manufacturer and periodically assayed for mycoplasma contamination. Gene depletion studies were carried out by reverse transfection with siRNA non-targeting control (siNT; Thermo Fisher Scientific, Silencer Select Negative Control \#2), siUPF1 (5'- AAGATGCAGTTCCGCTCCATTTT-3'; ([@bib61]), siICE1 (5'-GGAAGATGATTATTCGTTATT-3'), and siUPF3B (5'-GGAGAAGCGAGTAACCCTG-3'; ([@bib50]) as previously described ([@bib25]). Briefly, 25 pmols of gene-specific or non-targeting siRNA was directly pipetted into each well of a Falcon six-well flat bottom multiwell cell culture plate (Corning, Corning, NY; Cat. No. 353046). Reverse transfections were then conducted using Lipofectamine RNAiMAX reagent according to the manufacturer's protocol (Thermo Fisher Scientific, Cat. No. 13778150). As the transfection master mix is comprised of Opti-MEM reduced serum medium (Thermo Fisher Scientific Cat. No. 31985062), an equal volume of DMEM with 20% FBS with pen/strep was used to plate cells and attain a final 10% FBS concentration. 72 hr following the transfection, lysates were collected for protein or RNA isolation.

RNA isolation, cDNA preparation, and RT-qPCR {#s4-3}
--------------------------------------------

Total RNA was extracted and purified from whole-cell lysates using the RNeasy Mini Kit with on-column DNase digestion (Qiagen, Hilden, Germany; Cat. No. 74106). RNA concentration was determined on a NanoDrop 1000 (Thermo Fisher Scientific), and 1 µg of RNA used as a template for cDNA library preparation using the Maxima First Strand cDNA synthesis Kit for RT-qPCR (Thermo Fisher Scientific, Cat. No. K1641). The resulting cDNA libraries were further diluted 20-fold with ultrapure H~2~O and subsequently analyzed by RT-qPCR using iTaq Universal SYBR Green Supermix (BioRad Laboratories, Hercules, CA;, Cat. No. 1725124) on a Roche LightCycler 96 instrument (Roche Diagnostics Corporation, Indianapolis, IN). Sequences for gene-specific primers used for amplification are listed in [Supplementary file 7](#supp7){ref-type="supplementary-material"}. 2^-∆∆CT^ values were calculated using GAPDH or b-ACTIN for normalization, and all reported values are representative of three independent biological replicates ([@bib25]).

Plasmids {#s4-4}
--------

pcDNA5-Flag-KIAA0947 (ICE1) was a gift from Joan Conaway and Ronald Conaway (Addgene plasmid \# 49428; \[[@bib81]\]). Phusion High-Fidelity DNA Polymerase (New England Biolabs, Cat. No. M0530) was used to PCR amplify ICE1 and UPF3B sequences from plasmid \# 49428 and human cDNA, respectively, and cloned into pcDNA5-FRT-TO-3XF using traditional methods. Deletion constructs were generated using diverging 5'-phosphorylated primers followed by ligation with T4 DNA Ligase (New England Biolabs, Cat. No. M0202S), and all constructs were sequence validated.

Metabolic labeling and mRNA half-life quantification {#s4-5}
----------------------------------------------------

To determine specific mRNA half-life measurements during ICE1 and UPF1 depletion, HEK-293 cells were reverse transfected with a gene-specific or non-targeting control siRNA for 72 hr. At the end of the depletion, cells were treated with 0.2 mM 5-ethynyl Uridine (5-EU) for 60 mins. Cells were then immediately harvested and RNA was isolated and column purified using the RNeasy Mini Kit with on-column DNase digestion (Qiagen, Hilden, Germany; Cat. No. 74106). In addition, *Drosophila* S2 cells (ThermoFisher Scientific, Cat. No. R690-07) were cultured at ambient temperature for 24 hr in Sf-900 media (ThermoFisher Scientific, Cat. No. 10967032) containing 0.1 mM 5-EU, and RNA was isolated and processed as with the human cells for use as a spike-in control. The *Drosophila* spike in control was then quantified and later used to account for variations in biotinylation efficiency and recovery on the streptavidin beads. To differentiate total and nascent RNA levels in each sample, 2 µg of sample RNA was combined with 200 ng (10%) of the spike-in control and partitioned using the Click-iT Nascent RNA Capture Kit (ThermoFisher Scientific, Cat. No. C10365) following the manufacturer's protocol. 1 µg of biotinylated RNA from each sample was used for 'total' cDNA library preparation, with the remaining 1 µg of RNA from that sample applied to the Streptavidin T1 magnetic beads for labeled RNA capture and cDNA synthesis. The resulting 50 µL cDNA libraries were diluted, and mRNA abundance was determined using qRT-PCR as previously described. Nascent RNA recovery was normalized to *Drosophila* RP49 mRNA levels, and individual half-lives were determined using the equation: *t~1/2~ = -t~L~ \* ln(2)/ln(*1/R), where *t~L~* is the EU labeling time in minutes and *R* is the abundance in nascent RNA fraction/abundance in total RNA fraction ([@bib18]; [@bib31] ; [@bib72]).

RNAseq {#s4-6}
------

Total RNA from HEK-293 cells transfected with siICE1, siUPF1, siUPF3B, or siNT as above was assessed using an Agilent Bioanalyzer 2100, subjected to ribosomal RNA removal using the Ribo-Zero rRNA Removal Kit (Illumina, San Diego, CA), and used for library preparation with the Illumina TruSeq Stranded Total RNA Sample Preparation Kit (Illumina). Paired-end 50 nt reads were generated on the Illumina HiSeq 2000 platform, and the resulting reads were mapped using HISAT2 software to the GRCh37/hg19 combined genome and transcriptome indexes provided by the authors ([@bib49]). Mapped reads and Ensembl gene models were used for transcriptome assembly by StringTie ([@bib67]), after which individual assemblies were merged using TACO ([@bib65]) to obtain a higher-confidence annotation better reflecting HEK-293 expression patterns. The resulting TACO-curated transcriptome was used for pseudoalignment-based transcript quantification and analysis of differential gene and isoform usage with Kallisto/Sleuth ([@bib10]; [@bib68]). To identify transcript isoforms violating the 50--55 nt rule, the longest ORF in each TACO-derived transcript was annotated with IsoformSwitchAnalyzeR ([@bib86]). The most highly expressed isoform from each gene, as judged by the transcripts per million (TPM) Kallisto calculation, was used to compute 3'UTR lengths for downstream gene-level analyses.

Changes in RNA stability were inferred from RNAseq data using REMBRANDTS ([@bib2]), following HISAT2 mapping to the GRCh38 combined genome and transcriptome indexes provided by the authors ([@bib49]). Reads mapping to constitutive exons and introns of Ensembl GRCh37.87 annotations were quantified with HTSeq ([@bib4]), and a read cutoff stringency of 0.99 was used for REMBRANDTS analysis. Majiq and Leafcutter were used to analyze splicing changes following siICE1 and siNT treatment ([@bib55]; [@bib85]). For Majiq, a change in isoform usage of 10% or greater at the 95% confidence level was used to identify genes potentially undergoing alternative splicing. For Leafcutter, genes with a change in isoform usage of 10% or greater and adjusted p\<0.05 were selected. Raw and processed RNAseq data are available in the NCBI GEO database, accession GSE105436.

Cell extract preparation, immunopurifications and western blotting {#s4-7}
------------------------------------------------------------------

A freeze/thaw lysis protocol was implemented to harvest lysates for protein assays, as described ([@bib34]). Briefly, cells were collected in 15-mL conical tubes following trypsinization and resuspension in media, centrifuged at 500 xg for 5 min at 4°C, and rinsed once with 1 mL ice-cold PBS. Lysates were then transferred to a 1.5 mL Eppendorf tube and centrifuged at 2000 xg for 1 min at 4°C. Cell pellet volume was estimated with an analytical balance, and the pellet resuspended in 5X packed cell volume of ice-cold hypotonic lysis buffer (e.g., 500 µL of lysis buffer for a 100 µL cell pellet; buffer contains 20 mM HEPES, pH 7.4, 2 mM MgCl~2~, 10% glycerol, 1 mM DTT, 1X Protease and Phosphatase Inhibitor Cocktail, Thermo-Fisher Cat. No. 78440). Following a 5 min incubation on ice, cell extracts were snap frozen in liquid nitrogen, briefly thawed in a 37°C H~2~O bath, and frozen and thawed again. With the second and final thaw, 5M NaCl was added to achieve a final 150 mM concentration, and extracts were allowed to incubate on ice for 5 min. To isolate the soluble fraction, extracts were centrifuged for 15 min at 20,000 x g at 4°C, and the supernatant was aliquoted to fresh 1.5 mL Eppendorf tubes for a final snap freeze in liquid nitrogen prior to storage at −80°C.

Western blots were performed using the NuPAGE electrophoresis and transfer systems (Invitrogen). Denatured proteins were resolved on 3--8% Tris-acetate or 4--12% bis-Tris gels depending on molecular weight, and transferred to nitrocellulose membranes according to the NuPAGE manufacturer's protocol (Invitrogen). Membranes were incubated on an orbital shaker with blocking buffer for fluorescent western blotting (Rockland Immunochemicals, Limerick, PA) for 1 hr at room temperature. Incubations with the primary antibody were performed overnight at 4°C on an orbital shaker. Following three 10 min washes with 1XTBS (0.1% Tween-20), membranes were incubated with the appropriate secondary antibody for one hour at room temperature, followed by three additional 10 min washes with 1XTBS. Final quantitative western blot images were obtained on a Licor Odyssey imaging system (LI-COR Biosciences, Lincoln, NE). All antibodies used for immunoprecipitation and/or western blotting are provided in the Key Resources table. The eIF4AIII hybridoma cell line was developed by the Protein Capture Reagents Program and obtained from the Developmental Studies Hybridoma Bank (DHSB), created by the NICHD of the NIH and maintained at The University of Iowa, Department of Biology, Iowa City, IA 52242.

Isolation and purification of monoclonal eIF4AIII antibody {#s4-8}
----------------------------------------------------------

A murine hybridoma cell line (PCRP-EIF4A3-3A2-f) that expresses secreted monoclonal antibody against the full-length human eIF4AIII epitope was obtained from the Developmental Studies Hybridoma Bank at the University of Iowa. Hybridoma cultures were maintained at 37°C and 5% CO~2~ in DMEM (Gibco) supplemented with 1% pen/strep and 10% Ultra Low IgG FBS (ThermoFisher Scientific, Catalog \# 16250078). Cultures were visually inspected for overall health and divided while the cells were still in log phase growth, or approximately 5 × 10^5^ - 1 × 10^6^ cells/mL. To purify monoclonal eIF4AIII antibody from the culture supernatant, 50 mL of culture media from cells in log phase growth was centrifuged at 4°C for 5 min at 1000 RPM. The supernatant was then sterile filtered using a 0.4 mm filter and stored at 4°C overnight. Prior to affinity purification, a protein G column (HiTrap Protein G HP 1 mL, Catalog \# 339-0485-81) was equilibrated with 10 column volumes of 100 mM Tris-HCl pH 8.0. Meanwhile, the pH of the cell culture supernatant was adjusted by adding 5 mL (\~10% total volume) of 1.0M Tris-HCl. The total supernatant volume was passed through the protein G column attached to an AKTApurifier 10 (G.E.) at a speed of 1 mL/min. After loading the sample, the column was washed with 10 column volumes of 100 mM Tris-HCl, followed by another 10 column volumes of 10 mM Tris-HCl. The antibody was then eluted from the column with 50 mM glycine pH 3.0, and collected into Falcon tubes containing a neutralization buffer of 100 mL 1M Tris-HCl. Fractions containing the antibody were determined by monitoring UV~280~ values during the elution process, and purity and concentration determined by Coomassie staining and Pierce 660 calorimetric protein assay reagent (Catalog \# 22660), respectively.

Imaging flow cytometry {#s4-9}
----------------------

eGFP-UPF3B and eGFP-UPF3BΔ412--434 expression constructs were cloned into a tetracycline-inducible pcDNA5 vector and integrated into human Flp-In T-REx-293 cells. Gene-specific depletions for ICE1 and a non-targeting control siRNA were performed as described above. At the time of transfection, eGFP-fusion protein expression was induced by the addition of doxycycline to a final concentration of 200 ng/mL. Prior to harvesting the samples, Hoechst dye was added directly to the media to a final concentration of 10 µg/mL for 45 min at 37°C. At the end of the incubation period, cells were trypsinized, rinsed with 1X PBS, and resuspended in 50 μL of 1X PBS with 2% FBS in low protein binding tubes. Spectral compensation controls including non-fluorescent parentals, GFP-only, and Hoechst-only labeled cells were processed in parallel to allow for subsequent data acquisition and analysis. Data were collected and analyzed on an ImageStream imaging flow cytometer (Amnis, Millipore Sigma, Seattle, WA), according to the manufacturer's protocol. Briefly, data were collected using INSPIRE software (Amnis) and 405 nm and 488 nm lasers were used to excite Hoechst and eGFP, respectively. Laser powers were chosen in order to prevent pixel saturation, and 10,000 single and focused events were captured per experimental condition. Single color compensation controls were merged to generate a compensation matrix and all sample files were analyzed with this matrix applied. Data analysis was performed with IDEAS software (version 6.2, Amnis), with eGFP expression levels or 'intensity' calculated by the software as the sum of pixel values minus the background pixel values. To determine nuclear localization of the eGFP signal, a morphology mask was created to conform to the shape of the nuclear Hoechst imagery. For determining the cytoplasmic area, a combined mask that subtracted the nuclear Hoechst imagery from an erode mask of the brightfield image of the total cell area was made. The intensity of GFP was then calculated by the ratio of GFP expression in the nucleus to the cytoplasmic region.
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Decision letter
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Reviewing Editor

Johns Hopkins School of Medicine

United States

In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"ICE1 promotes the link between splicing and nonsense-mediated mRNA decay\" for consideration by *eLife*. Your article has been favorably evaluated by James Manley (Senior Editor) and three reviewers, one of whom is a member of our Board of Reviewing Editors. The reviewers have opted to remain anonymous.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

We have received comments from three experts in the field all of whom found the manuscript to present new and important information about the protein ICE1 revealed in the high throughput screen for factors critical for degradation of NMD substrates. Despite broad enthusiasm, the reviewers agree that several issues need to be addressed experimentally, in addition to changes in the text to rephrase the conclusions drawn from the experiments more cautiously. In case of modest effects, softer wordings such as \"the data indicate/are consistent with/support the view\" seem more appropriate than \"demonstrate\". Most critically, while it is clear that ICE1 impacts the amount of NMD-target mRNAs in the cell disproportionately relative to non-NMD-target mRNAs, the mechanism for this effect is not wholly clear. The reviewers recommend that the authors establish that ICE1 depletion does not alter splicing or block export from the nucleus, thus stabilizing the mRNA, and that mRNA stability is impacted and not simply overall levels (i.e. a decay experiment needs to be performed).

All reviewers had issues with Figure 4A (see detailed reviews). Finally, the reviewers had concerns about the magnitude and correlation of effects on mRNAs in UPF1 and ICE1 depletes. It seems likely that if the proposed mechanism is true (that ICE1 is involved in deposition of the EJC complex) then the RNA-seq data of the ICE1-delete should be even better correlated with that of the UPF3B-deplete than with the UPF1-deplete.

We hope these comments are helpful in revising your manuscript.

*Reviewer \#1:*

In the current work, Baird et al. present the results of a shRNA-based genetic screen for genes involved in nonsense-mediated mRNA decay (NMD) of a luciferase reporter. While a number of their top hits are the same as those found in a previous CRISPR based screen using a fluorescent reporter, most of the hits are non-overlapping. Among the novel candidate NMD factors that they identify is ICE1, which they go on to characterize further. Depletion of ICE1 clearly leads to stabilization of NMD targets making it an exciting novel player in NMD. Further experiments suggest that ICE1 may act by aiding recruitment of the NMD factor UPF3B to the exon junction complex. While the authors make some headway in determining ICE1\'s mechanistic role in NMD (interactions with UPF3B in part through the MIF4G domain), it is still not clear that ICE\'s role in the process is direct. This work is an important advance, but some of the experiments require additional controls, and the evaluation of their mechanistic claims will likely hinge on these additional experiments.

1\) Where are the UPF proteins in Figure 1C?

2\) I found Figure 4A nearly impossible to interpret. What are the bands in the anti-flag panel blot in the anti-flag IP? Non-specific bands should be indicated as well as specific ones in both sides of the panel. It looks like the mock and 3XF-MIF4GICE1 lanes are identical, meaning that there\'s no evidence that the pulldown worked (or else this is a non-specific band which is lower in the 3XF-UPF3B lane). This is the only evidence for sufficiency of the MIF4G domain for interaction with eIF4AIII, so this figure needs to be clarified -- and if these are the main data, the interaction is quite weak. Is MATRIN3 a control for non-specific association?

3\) In Figure 5B, the total amount of GFP-UPF3B is not presented, only the nuclear/cytoplasmic ratio. Are the overall levels of UPF3B affected?

4\) For the scatterplot in Figure 3---figure supplement 1A, both axes are normalized to the same siNT control dataset, which makes them poor evidence for similarity of UPF1 and ICE1 effects. For 3 arrays generated from a normal distribution (A, B, C), log(A/C) and log(B/C) will be highly correlated most of the time.

5\) The last paragraph of the subsection "ICE1 depletion increases abundance of transcripts with NMD-inducing features" overinterprets the data in Figure 2E and Figure 2---figure supplement 1C. I think the simplest explanation for the differences in siICE and siUPF1 would be differences in knockdown efficiency, or perhaps differences in concentration requirements for activity. I don\'t think that these data represent evidence for a UTR-length dependent activity difference.

6\) In Figure 4---figure supplement 1, it seems that there is some residual IP of UPF3B with ICE when UPF3B lacks the EJC-binding domain. Do these mutants display residual EJC binding? Some additional controls, perhaps with EJC factors or interacting proteins are required.

7\) The authors argue that the activity of ICE1 is entirely through recruitment of UP3B to the EJC. The ideal experiment to test this would be an epistasis experiment, which may not be possible given the essentiality of the NMD machinery. However, it might be a start to check by RNA-seq that the genome-wide effects of UPF3B knockdown on NMD are similar to the effects of ICE1 on NMD. As it is, all of the genome-wide analysis presented is with comparisons of ICE to UPF1 knockdown.

8\) In the Discussion: \"interference with ICE1 function leaves the UPF2-UPF3B interaction intact\". It is not clear to me from Figure 5A that this statement is true. The UPF3B/UPF2 interaction was not tested upon ICE1 depletion (or not presented). It seems like UPF2 may be more depleted at the EJC than UPF3b upon ICE1 depletion, but this was not quantified.

*Reviewer \#2:*

Nonsense-mediated mRNA decay (NMD) detects and promotes the degradation of transcripts containing premature termination codons and other NMD-inducing features (i.e. long 3\' UTRs, uORF translation). In metazoans, the efficiency of NMD is significantly enhanced by the presence of an exon junction complex (EJC) downstream of the terminating ribosome. The association of NMD protein UPF3 with EJCs is thought to underlie enhanced NMD by promoting recruitment of UPF2, which together stimulate UPF1 activity on the upstream terminating ribosome.

In this work, the authors perform a genome-wide RNAi screen in HEK-293 cells to identify novel factors required for degradation of NMD substrates, and identify ICE1, a protein previously characterized in promoting snRNA transcription. Notably, RNA-Seq analysis of cells depleted for ICE1 revealed a small increase in abundance of PTC-containing RNAs (over normal mRNA) and a modest elevation of transcripts harboring uORFs and particularly long 3\' UTRs. Co-immunoprecipitation experiments demonstrate that ICE1 can interact with EJC core components in an RNA-independent manner, and that this interaction is mediated through a putative MIF4G domain within the C-terminus of the protein.

The authors propose that ICE1 depletion impairs the nuclear assembly of UPF3B into EJCs, resulting in impaired EJC-enhanced degradation of NMD substrates in the cytoplasm. Three pieces of evidence support this model. First, depletion of ICE1 results in the reduced association between UPF3B and EJC-core protein CASC3 by CoIP. Second, in ICE1 knock-down cells, there is an increased accumulation of UPF3B in the nucleus. Third, NMD activity in ICE1-depleted cells is partially rescued by overexpression of UPF3B.

This work proposes a novel function for ICE1 in promoting UPF3 assembly into EJCs and the downstream EJC-enhanced degradation of NMD substrates. While the model is consistent with experimental evidence, is not robustly supported by the data or directly tested. Moreover, additional interpretations could account for the experimental observations.

1\) There are a number of pieces of data to suggest that ICE1 may have an independent or additional function in mRNA metabolism outside of promoting UPF3B association with EJCs.

a\) While depletion of ICE1 appears to cause a reproducible reduction (but not elimination) in UPF3B association with core EJC components, its depletion increases the abundance of two characterized NMD substrates 4-fold greater than depletion of the core NMD factor, UPF1 (Figure 4B). This is completely unexpected if ICE1 function on these transcripts is through NMD.

b\) While over-expression of UPF3B completely restores its ability to associate with EJCs (as measured by CASC3 CoIP; Figure 6A), the abundance of several NMD-sensitive mRNAs is only partially restored (\~50%; Figure 6B) -- indicating that abrogation of NMD in ICE1-depleted cells is not caused entirely by impaired interaction between UPF3B and the EJC.

c\) A function for ICE1 in EJC assembly/remodeling is unexpected given its absence from past biochemical characterizations of EJC components.

2\) It is never tested whether ICE1 function on NMD-substrate abundance is directly mediated through the NMD pathway. For example, ICE1 depletion should not alter mRNA levels in cells also inhibited for NMD (e.g. depleted also for UPF1).

3\) The authors present evidence that the putative MIF4G domain of ICE1 is itself sufficient for mediating an interaction with EJC proteins and that over-expression of this domain can partially inhibit NMD (Figure 4). To further demonstrate of the importance and requirement of this domain and to help preclude an independent role for ICE1 in mRNA metabolism (through its activity in snRNA transcription, for example), the authors should examine the requirement of ICE1 lacking its putative MIF4G domain for interaction with EJCs and the observed reduction in NMD activity.

4\) Experiments directly assessing a role for ICE1 in EJC assembly should be provided to support the main conclusion of this work. For example, the ability of UPF3B to assemble into EJCs in vitro should be evaluated in the presence and absence of ICE1 (with and without its MIF4G domain).

5\) Given that the EJC composition is altered and that UPF3B is retained in the nucleus upon ICE1 depletion, the authors should provide evidence that NMD inhibition is not due to retention of mRNA in the nucleus or inhibition of translation in the cytoplasm.

6\) Depletion efficiencies for the various factors are generally not reported (Figure 2D and 5A are notable exceptions) and controls are often lacking. Note that depletion of ICE1 in Figure 5A is quite poor.

*Reviewer \#3:*

In a genome-wide siRNA screen using a Luciferase-based NMD reporter, Baird and colleagues identified -- apart from some of the well-known NMD factors and the EJC core components -- ICE1 as a new NMD factor. While the identification only one new NMD factor from such a \"tour de force\" approach may be somewhat disappointing, the authors did a nice job in investigating the role of ICE1 in NMD. So far, very little was known about ICE1 apart from an involvement in the assembly of the small elongation complex, which plays a role in snRNA transcription. Using a combination of knockdowns, overexpressions, RNA-seq, NMD reporter assays and IPs, the authors provide compelling evidence that ICE1 facilitates the assembly of UPF3B with the EJC core and thereby promotes EJC-enhanced NMD.

Before publication, the following two points should be addressed:

1\) Figure 4A: It seems that the FLAG antibody failed to pull down the 3XF-MIF4G ICE1 construct. Instead you have a strong unspecific band (also present in the mock) that is detected with the FLAG antibody. Nevertheless, eIF4AIII is only detected in the IP of the cells expressing the ICE1 MIF4G but not in the mock. Something is not kosher with this IP; please explain.

2\) Discussion: The authors state that ICE1 may be involved in degradation of a subset of 3\'UTR-mediated decay targets. I wonder if this subset might be 3\'UTRs that contain a spliced intron, and by inference an EJC, and thus belong to the EJC-enhanced class of NMD targets. Were the 3\' UTR transcripts used for the analysis in Figure 2E filtered for transcripts lacking annotated introns in the 3\' UTRs or could the observed effect originate from such \"EJC-enhanced\" NMD targets with 3\' UTR introns? Consistent with my suggestion, the long 3\' UTR of SMG5 mRNA is a NMD-inducing feature and contains no annotated intron, and this transcript was not affected by ICE1 knockdown (Figure 6B). Re-analyzing the RNA-seq data could perhaps solve this important question.

10.7554/eLife.33178.037

Author response

> Reviewer \#1:
>
> \[...\] 1) Where are the UPF proteins in Figure 1C?

The rank seed-corrected Z-scores of the siRNAs targeting ICE1 and UPF proteins among the 64,753 siRNAs in the screen are as follows:

UPF1: 218, 745, 1367

UPF2: 219, 2800, 37181

UPF3B: 1948, 5062, 9257

ICE1: 239, 342, 30797

Since it is difficult to represent all of these siRNAs in the plot in Figure 1C, we chose SMG1 and SMG6 as two well-characterized NMD factors with strong responses in the screen. The remainder of the individual siRNA data can be found in the "Primary by siRNA" tab of Supplementary file 1.

> 2\) I found Figure 4A nearly impossible to interpret. What are the bands in the anti-flag panel blot in the anti-flag IP? Non-specific bands should be indicated as well as specific ones in both sides of the panel. It looks like the mock and 3XF-MIF4GICE1 lanes are identical, meaning that there\'s no evidence that the pulldown worked (or else this is a non-specific band which is lower in the 3XF-UPF3B lane). This is the only evidence for sufficiency of the MIF4G domain for interaction with eIF4AIII, so this figure needs to be clarified -- and if these are the main data, the interaction is quite weak. Is MATRIN3 a control for non-specific association?

We have simplified our presentation of these experiments in the revised figure (now Figure 5A). As referenced in the previous figure legend, the high levels of UPF3B and IgG present on the immunoblot and inefficient detection due to probing of the membrane with multiple antibodies made the lower levels of recovery of the putative MIF4G domain difficult to visualize. We have resolved this issue in the revised version by focusing on the putative MIF4G domain and using exposures that more clearly show the association. We have also added Figure 5---figure supplement 1, in which we performed FLAG purifications of transiently expressed full-length ICE1 protein, a version lacking the C-terminus, and the C-terminus alone, finding that the C-terminus preferentially recovered EJC proteins.

> 3\) In Figure 5B, the total amount of GFP-UPF3B is not presented, only the nuclear/cytoplasmic ratio. Are the overall levels of UPF3B affected?

We have added a western blot showing that levels of the GFP-UPF3B protein are not affected by ICE1 knockdown (now Figure 6B). We agree that the levels of GFP in the knockdown cells appear higher, but this is due to concentration of the protein in a smaller area of the image. We have also revised the figure legend to explain that the cell images were selected from those exhibiting the median nuclear/cytoplasmic ratio in the respective conditions.

> 4\) For the scatterplot in Figure 3---figure supplement 1A, both axes are normalized to the same siNT control dataset, which makes them poor evidence for similarity of UPF1 and ICE1 effects. For 3 arrays generated from a normal distribution (A, B, C), log(A/C) and log(B/C) will be highly correlated most of the time.

We agree that correlation of overall changes in mRNA abundance is not the best way to illustrate the effect of ICE1 on NMD substrates. In addition to the reason cited by the reviewer, the involvement of both ICE1 and UPF1 in multiple cellular processes complicates the analysis. We have taken several approaches in the revised manuscript to further analyze the relationship between ICE1 and NMD. Using a recently developed approach to infer relative transcript stability from steady-state RNAseq, we find that mRNAs with uORFs or long 3'UTRs are systematically stabilized by ICE1 knockdown (Figure 3---figure supplement 1E and F). We also show that transcripts that exhibit increases in steady state levels upon UPF1 or ICE1 depletion are preferentially stabilized in ICE1 knockdown cells (Figure 3A and Figure 3---figure supplement 1B, C, and D). Further, we have performed a second RNAseq study involving UPF3B depletion, from which we find that mRNAs that are stabilized in both UPF1 and UPF3B depletion show larger increases in relative stability upon ICE1 depletion than those stabilized in only one knockdown condition (Figure 3B). We have also corroborated these findings by using metabolic labeling to show that ICE1 depletion increases half-lives of endogenous NMD targets (Figure 3C).

> 5\) The last paragraph of the subsection "ICE1 depletion increases abundance of transcripts with NMD-inducing features" overinterprets the data in Figure 2E and Figure 2---figure supplement 1C. I think the simplest explanation for the differences in siICE and siUPF1 would be differences in knockdown efficiency, or perhaps differences in concentration requirements for activity. I don\'t think that these data represent evidence for a UTR-length dependent activity difference.

It was not our intention to argue strongly for a UTR-length dependent activity, but agree that our previous discussion could be interpreted that way. We agree with the reviewer that the origin of this difference is ambiguous and have revised our description of the effect and clarified that it could be due to biological or technical effects.

> 6\) In Figure 4---figure supplement 1, it seems that there is some residual IP of UPF3B with ICE when UPF3B lacks the EJC-binding domain. Do these mutants display residual EJC binding? Some additional controls, perhaps with EJC factors or interacting proteins are required.

We have performed further experiments with the UPF3B mutants and do find evidence for residual interactions with the EJC (now Figure 4---figure supplement 1B).

> 7\) The authors argue that the activity of ICE1 is entirely through recruitment of UP3B to the EJC. The ideal experiment to test this would be an epistasis experiment, which may not be possible given the essentiality of the NMD machinery. However, it might be a start to check by RNA-seq that the genome-wide effects of UPF3B knockdown on NMD are similar to the effects of ICE1 on NMD. As it is, all of the genome-wide analysis presented is with comparisons of ICE to UPF1 knockdown.

We want to first clarify that we do not claim to have shown that ICE1 *only* functions in NMD by promoting the UPF3B-EJC interaction. Instead, our data suggest that this is a role of ICE1 in NMD, but we cannot (and do not claim to) rule out the possibility of additional functions of ICE1 in NMD or indirect effects of ICE1 depletion on some targets of NMD. Further, we have revised the text to more precisely state that our model does not specify that ICE1 acts through recruitment of UPF3B to the EJC. We instead say that it promotes the UPF3B-EJC association and more clearly explain that this could either be by increased recruitment or increased stability of the assembled complex.

The reviewer is correct that loss of cell viability upon knockout of either core NMD factors or ICE1 precludes epistasis experiments. As suggested, we have instead performed RNAseq on UPF3B knockdown cells, finding that ICE1 knockdown stabilizes RNAs stabilized in UPF1 and UPF3B knockdowns to a similar extent and that the population of RNAs stabilized in both UPF1 and UPF3B knockdowns show an even greater response to ICE1 knockdown (Figure 3B). These data are consistent with the model that ICE1 affects decay of UPF1- and UPF3B-dependent targets.

> 8\) In the Discussion: \"interference with ICE1 function leaves the UPF2-UPF3B interaction intact\". It is not clear to me from Figure 5A that this statement is true. The UPF3B/UPF2 interaction was not tested upon ICE1 depletion (or not presented). It seems like UPF2 may be more depleted at the EJC than UPF3b upon ICE1 depletion, but this was not quantified.

We have revised this section to clarify that this statement is based on the lack of effect of overexpression of the putative MIF4G domain on the UPF2/UPF3B interaction (Figure 6---figure supplement 1), rather than the ICE1 knockdowns now shown in Figure 6A. The lower levels of UPF2 recovered in the CASC3 IPs precluded accurate quantification, so we cannot draw conclusions about possible additional effects on UPF2-EJC association.

> Reviewer \#2:
>
> \[...\] 1) There are a number of pieces of data to suggest that ICE1 may have an independent or additional function in mRNA metabolism outside of promoting UPF3B association with EJCs.
>
> a\) While depletion of ICE1 appears to cause a reproducible reduction (but not elimination) in UPF3B association with core EJC components, its depletion increases the abundance of two characterized NMD substrates 4-fold greater than depletion of the core NMD factor, UPF1 (Figure 4B). This is completely unexpected if ICE1 function on these transcripts is through NMD.

Because these experiments involve partial gene depletion, not gene knockouts (the NMD proteins and ICE1 are essential for cell viability), it is difficult to base conclusions on the relative magnitudes of the effects observed with different gene knockdowns. It is well established that some proteins require a greater extent of depletion to manifest a phenotype than others. As UPF1 is an abundant protein, others and we have observed that it is relatively insensitive to changes in dosage. On the other hand, ICE1 is less abundant and appears to work at a specific interval in mRNP maturation, making it plausible that it would be more sensitive to changes in protein levels. Illustrating this point, several NMD-related proteins produced higher Z-scores in the screen than UPF1, including SMG1, SMG5, SMG6, SMG7, and all of the core members of the EJC. Further, it is also well established that the NMD pathway is subject to extensive feedback regulation, in part through decay of NMD factor mRNAs with long 3'UTRs. In our experiments, we see a preferential impact of ICE1 depletion on EJC-stimulated decay, with little or no effect on the NMD factor mRNAs with long 3'UTRs. This may mean that the pathway is less able to compensate for the loss of ICE1 by increasing the expression of the core NMD proteins, resulting in larger changes in steady state abundance of some targets.

Also, we wish to clarify that we do not claim or believe that ICE1 does not have a role in mRNA metabolism outside of its function in promoting EJC-UPF3B interactions. The evidence in the literature is clear that it is involved in snRNA transcription as part of the little elongation complex, and we also observe alterations in splicing of some genes (Supplementary file 5 of the revised manuscript). We have extended our analysis of the RNAseq data to test whether alternative splicing of mRNAs with NMD-inducing features could explain our results. As part of this effort, we repeated our analysis of the effect of ICE1 depletion on uORFs and long 3'UTRs after removing all genes for which there was an indication of alternative splicing in response to ICE1 depletion, using two independent programs and highly permissive cutoffs, but this had no effect on our findings (see Figure 2---figure supplement 1). We also provide RNAseq traces for several validated targets (Figure 2---figure supplement 2), which indicate that the changes in abundance cannot be explained by altered processing. Together, our data suggest that ICE1 is important for promoting proper association of UPF3B with EJCs and that NMD is inhibited when this function is abrogated.

> b\) While over-expression of UPF3B completely restores its ability to associate with EJCs (as measured by CASC3 CoIP; Figure 6A), the abundance of several NMD-sensitive mRNAs is only partially restored (\~50%; Figure 6B) -- indicating that abrogation of NMD in ICE1-depleted cells is not caused entirely by impaired interaction between UPF3B and the EJC.

As discussed above, we do not claim that ICE1 does not have additional functions to those uncovered here, but instead present evidence that this is a mechanism by which it can affect NMD. Further, this comment over-interprets our findings. Because knockdowns and overexpression are by nature heterogenous from cell-to-cell, some cells may exhibit enhanced UPF3B-EJC association in response to overexpression, while others will exhibit partial or no rescue. Thus, it is not unexpected that a bulk biochemical assay would indicate complete rescue on average while a functional assay would indicate incomplete rescue. This is particularly true if the defect in UPF3B-EJC interactions is due to reduced stability of the complex. In this scenario, the association would appear to be fully rescued at steady state, but the complexes may not persist long enough to fulfill their cytoplasmic function in NMD.

> c\) A function for ICE1 in EJC assembly/remodeling is unexpected given its absence from past biochemical characterizations of EJC components.

We are aware of two major unbiased biochemical efforts to identify EJC components via mass spectrometry (Tange et al., *RNA*, 2005, and Singh et al., 2012). While it is true that these studies did not identify ICE1 as an EJC-interacting protein, they also failed to identify UPF3B in association with EJCs, clearly indicating that they were not exhaustive analyses of EJC-interacting proteins. Partially explaining the earlier lack of identification, we have observed that Flag-tagged eIF4A3 (as used in the Singh et al., study) is incapable of efficiently co-purifying either UPF3B or ICE1, whereas antibodies against endogenous ICE1 or eIF4A3 allow reciprocal co-immunoprecipitation.

> 2\) It is never tested whether ICE1 function on NMD-substrate abundance is directly mediated through the NMD pathway. For example, ICE1 depletion should not alter mRNA levels in cells also inhibited for NMD (e.g. depleted also for UPF1).

As above, this type of experiment is not possible using gene knockdowns, due to the complicating factor that only partial protein depletion can be observed. Because we can only incompletely deplete these essential proteins, we would in fact predict that concurrent depletion of ICE1 and UPF1 would cause a greater defect than depletion of either protein alone. For example, Huang et al., 2011 showed that simultaneous depletion of UPF1 and SMG1 increased levels of NMD target mRNAs above those observed upon independent depletion of UPF1 or SMG1. This finding illustrates that this is not a valid criterion for evaluating the involvement of a protein in NMD. Instead, we have bolstered our analysis of the effect of ICE1 depletion on well-characterized NMD targets and other mRNAs with known NMD-inducing features. Please see the response to reviewer 1, point 4, for details. These data all indicate that ICE1 depletion affects NMD, and our biochemical studies suggest that this is at least in part due to ICE1's ability to interact with EJCs and promote UPF3B-EJC interactions.

> 3\) The authors present evidence that the putative MIF4G domain of ICE1 is itself sufficient for mediating an interaction with EJC proteins and that over-expression of this domain can partially inhibit NMD (Figure 4). To further demonstrate of the importance and requirement of this domain and to help preclude an independent role for ICE1 in mRNA metabolism (through its activity in snRNA transcription, for example), the authors should examine the requirement of ICE1 lacking its putative MIF4G domain for interaction with EJCs and the observed reduction in NMD activity.

We have added Figure 5---figure supplement 1, in which we performed FLAG purifications of transiently expressed full-length ICE1 protein, a version lacking the C-terminus, and the C-terminus alone, finding that the C-terminus preferentially recovered EJC proteins.

> 4\) Experiments directly assessing a role for ICE1 in EJC assembly should be provided to support the main conclusion of this work. For example, the ability of UPF3B to assemble into EJCs in vitro should be evaluated in the presence and absence of ICE1 (with and without its MIF4G domain).

We hope to reconstitute this system in vitro in the future, but such an effort is far beyond the scope of this study.

> 5\) Given that the EJC composition is altered and that UPF3B is retained in the nucleus upon ICE1 depletion, the authors should provide evidence that NMD inhibition is not due to retention of mRNA in the nucleus or inhibition of translation in the cytoplasm.

The effect of ICE1 depletion on the luciferase reporter indicated that mRNA export and translation is not impaired in the absence of ICE1. To further investigate this possibility, we performed immunoblotting for several ICE1-dependent NMD targets, finding that ICE1 knockdown increased protein expression along with mRNA levels (Figure 3D). A concomitant increase in protein levels illustrates the respective mRNA substrates undergo proper maturation in the nucleus and transport to the cytoplasm for mRNA translation.

> 6\) Depletion efficiencies for the various factors are generally not reported (Figure 2D and 5A are notable exceptions) and controls are often lacking. Note that depletion of ICE1 in Figure 5A is quite poor.

We have updated the manuscript to include measures of depletion efficiency in all relevant cases, either by qPCR or immunoblotting.

> Reviewer \#3:
>
> \[...\] 1) Figure 4A: It seems that the FLAG antibody failed to pull down the 3XF-MIF4G ICE1 construct. Instead you have a strong unspecific band (also present in the mock) that is detected with the FLAG antibody. Nevertheless, eIF4AIII is only detected in the IP of the cells expressing the ICE1 MIF4G but not in the mock. Something is not kosher with this IP; please explain.

As discussed in the response to reviewer 1, we have revised our presentation of this figure (now Figure 5A) to clearly illustrate that the putative MIF4G is recovered in the IP, leading to co-purification of eIF4AIII.

> 2\) Discussion: The authors state that ICE1 may be involved in degradation of a subset of 3\'UTR-mediated decay targets. I wonder if this subset might be 3\'UTRs that contain a spliced intron, and by inference an EJC, and thus belong to the EJC-enhanced class of NMD targets. Were the 3\' UTR transcripts used for the analysis in Figure 2E filtered for transcripts lacking annotated introns in the 3\' UTRs or could the observed effect originate from such \"EJC-enhanced\" NMD targets with 3\' UTR introns? Consistent with my suggestion, the long 3\' UTR of SMG5 mRNA is a NMD-inducing feature and contains no annotated intron, and this transcript was not affected by ICE1 knockdown (Figure 6B). Re-analyzing the RNA-seq data could perhaps solve this important question.

We tested this possibility by removing all genes for which the RNAseq showed evidence for isoforms containing introns downstream of termination codons (the set of genes examined in Figure 2A) from the analysis, but this had no effect on the enhanced expression of long 3'UTR-containing mRNAs (Figure 2---figure supplement 1). Further, manual examination of RNAseq reads arising from the long 3'UTR-containing mRNAs studied in Figure 2F (and others) revealed no evidence for downstream splicing events. Instead, we hypothesize that the effect of ICE1 depletion on long 3'UTRs is due to reduced levels of UPF3B in the cytoplasm.
